An algorithm based on the Monte Carlo method is developed to solve the radiative transfer equation in the reflective domain ͑0.4-4 m͒ of the solar spectrum over rugged terrain. This algorithm takes into account relief, spatial heterogeneity, and ground bidirectional reflectance. The method permits the computation of irradiance components at ground level and radiance terms reaching an airborne or satelliteborne sensor. The Monte Carlo method consists of statistically simulating the paths of photons inside the Earth-atmosphere system to reproduce physical phenomena while introducing neither analytical modeling nor assumption. The potentialities of the code are then depicted over different types of landscape, including a seashore, a desert region, and a steep mountainous valley.
Introduction
Remotely sensed data measured in the solar reflective domain ͑0.4 -4 m͒ are often used for the assessment of the spatial distribution of surface properties. In analyses of such data for mountainous or heterogeneous areas, the assumptions that are valid for flat and homogeneous terrains no longer produce accurate results, and appropriate corrections to the radiative transfer model need to be made. In the case of a rugged and heterogeneous scene, the orientation of an observed pixel with respect to the Sun and the sensor, together with its radiometric properties, can be significantly different from that of its neighbors. These properties directly affect the irradiance that reaches a pixel at ground level and subsequently the radiance field produced toward the sensor. Moreover, the topography introduces new contributions from neighboring pixels to the ground irradiance.
To model accurately the radiative signal received at aircraft or satellite level, one must take into account the spatial variability of the ground surface.
Several authors have presented different models to simulate solar irradiance on rugged terrains and have proposed various correction methods. Most of these models perform a cosine correction of the local zenith angle of the direct incident beam 1 ; they also take into account shadowing introduced by topography. Kimes and Kirchner 2 developed a model of irradiance at ground level that also considers the anisotropy of the diffuse sky irradiance and the reflections from adjacent slopes. Using this advanced model, they demonstrated that the use of simple models that take into account only direct solar irradiance can introduce significant errors. For example, an 11% or greater error in reflectance ͑at ground level͒ occurs over a vegetation canopy in a red band when surface slopes exceed 20°. Kusaka et al. [3] [4] [5] analyzed the effects of topographic and atmospheric effects to account for them in satellite data. Their model is applicable over a Lambertian heterogeneous landscape and integrates slope and shading effects on direct irradiance and on diffuse sky irradiance. However, they neglected the effect of surrounding pixels. Richter, 6 who presented an overview of studies on the subject, also used an atmospheric and topographic correction model for high-resolution sensor data. Assuming a Lambertian surface, he considered a model that includes direct irradiance coupled with isotropic sky radiance. He computed an approximate correction for adjacency effects ͑reflections on neighboring pixels͒ on sensor radiance, using an average reflectance of neighboring pixels, but, similarly to Kusaka et al., 3, 4, 5 he did not consider the adjacency and Earth-atmosphere coupling terms at ground level. He reckoned that the corresponding error becomes significant for deep valleys or highly reflecting surfaces. Proy et al., 7 who developed a model to evaluate ground irradiance over mountainous terrain, introduced an Earth-atmosphere coupling term ͑multiple reflections between ground and atmosphere͒, but its role was considered negligible and was not taken into account. Vermote et al. 8 developed a radiative transfer code ͑6S͒ adapted to flat surfaces. Few assumptions were made over homogeneous ground. However, for a target surrounded by an environment of a different nature, the environment contribution function introduced in the computation of the Earth-atmosphere coupling irradiance term is subject to simplifying approximations. Moreover, this code cannot deal with more-complex ground heterogeneity.
Our goal in this paper is to evaluate the radiance observed by a sensor over a mountainous area to quantify the various contributions to the measured radiance. In particular, the contributions that come from, or are altered by, topography or the spatial heterogeneity of the ground surface are investigated in detail. To this end we developed a radiative transfer model based on the Monte Carlo principle 9 and applied the model to diverse surface types, including mountainous regions and heterogeneous areas. To check the validity of the Monte Carlo approach, we shall compare some results with those obtained with the 6S code 8 for flat and homogeneous terrain.
Monte Carlo Method

A. Physical Model
The signal emitted by the Sun and received by the sensor can travel on different paths. Let us consider first the Sun-to-surface path illustrated in Fig. 1 . Three main types of interaction can be identified. The most obvious interactions are those of direct and diffuse paths ͓Fig. 1͑a͔͒. Over rugged terrain a photon may be reflected by neighboring pixels before it reaches the target ͓Fig. 1͑b͔͒. These photons contribute to what we call the adjacency component. Finally, the Earth-atmosphere coupling irradiance term describes photons that have been subject to multiple surface reflections and atmospheric scatterings ͓Fig. 1͑c͔͒. This term is also called the environmental component.
Most of the photons in an Earth-to-sensor path come directly from the target ͓Fig. 2͑a͔͒. However, photons at the sensor can also correspond to scattered photons coming either from the target or from neighboring pixels ͓Fig. 2͑b͔͒. Finally, photons that were scattered in the atmosphere without reaching the surface can reach the sensor ͓Fig. 2͑c͔͒. They correspond to the atmospheric intrinsic radiance.
B. Main Principles of the Method
To compute the components of the radiative field, we compute the paths of photons inside the Earthatmosphere system by the Monte Carlo principle. 9 The idea is to consider individual photons and to reproduce statistically the macroscopic effects in the system. First, a photon is characterized by its position and propagation direction. Three basic physical phenomena may then occur to this photon: absorption and scattering by particles ͑gaseous molecules and aerosols͒ and reflection by the ground. The path of a photon comes to an end when the photon is either absorbed or leaves the atmosphere. Its behavior in the system is governed by the statistical law that results directly from the equation of radiative transfer 10 ͑Appendix A͒.
C. Specificities of the Code
The present Monte Carlo code assumes a planeparallel and horizontally invariant atmosphere, so its properties depend only on altitude. Consequently, any variations in the aerosol content profile from one position to another over the scene are neglected. The atmosphere is divided into elementary homogeneous layers, and the extinction and scattering coefficients for both molecules and aerosols are computed at a specified monochromatic wavelength.
The scene is represented by a digital elevation model ͑DEM͒, the resolution of which is fixed by a horizontal regular grid. Each pixel of the DEM, which is completely described by the altitude of its center point and a unitary vector orthogonal to its surface, is associated with a spectral bidirectional reflectance model. Ground homogeneity is assumed within each pixel. The DEM is taken to be periodic at the boundaries of the model domain in both horizontal directions ͑Fig. 3͒.
D. Actual Algorithm
For a simulation made as described in Appendix A, the number of photons received by the sensor is small in relation to the number of launched photons. Consequently, it is more efficient to divide the simulation into three steps. The first step is devoted to the characterization of the downward path ͑from Sun to surface͒. This step allows one to assess the spatial distribution of the incident photons on each pixel at ground level and the corresponding irradiance. The second step is to compute the upward path ͑from surface to sensor͒. This step is most easily performed by use of a reverse Monte Carlo method: The photons are launched from the sensor and counted at ground level. From Helmholtz's reciprocity principle, the resultant path characterization is equivalent to that obtained from the Monte Carlo method, but the process is much more efficient in terms of computation time. In this upward-path simulation process the reflection of photons from the surface is not accounted for, as it was already taken into account in the downward-path simulation. The last step consists of merging the two simulations, i.e., in connecting the two spatial distributions of incident photons at ground level ͑obtained by the first and second steps͒ through the use of the bidirectional reflectance. The satellite signal results from the boundary conditions represented by the bidirectional reflectance at ground level. To write the radiance expression of a pixel m at sensor level, let us suppose that we launched N photons across the horizontal surface area S TOA at the top of the atmosphere ͑TOA͒. Consider now that n M ͑⌬ 1 ͒ is the number of photons coming from the Sun and received by pixel M ͑of surface S M ͒ at ground level in the elementary solid angle ⌬ 1 ͑step 1͒ and that n M Ј͑m, ⌬ 2 ͒ is the number of photons launched from pixel m at sensor level and received by M in ⌬ 2 ͑step 2͒. If ͑⌬ 1 , ⌬ 2 ͒ is the bidirectional reflectance value associated with the incident direction ⌬ 1 and the reflected direction ⌬ 2 , the contribution of pixel M of the ground to the signal received by m is
where N and NЈ are the number of photons launched from the Sun ͑i.e., the top of the atmosphere͒ and from m ͑i.e., the sensor͒, respectively, and E TOA cos͑ s ͒ is the irradiance incident at the TOA. One can compute the direct and diffuse upward paths by accumulating photons for each component separately during the upward simulation. The atmospheric intrinsic radiance is determined by this upward simulation, too. The photons launched from the sensor that go out of the atmosphere are analyzed. If they did not reach the surface and if their direction is inside a solid angle ⌬ s about the solar direction ͑ s , s ͒, they contribute to the atmospheric radiance. If n atm Ј͑m, ⌬ s ͒ is the number of such photons, the atmospheric radiance expression is then
The last term in Eq. ͑2͒ is the one that requires the most photon path simulations, as it is associated with an almost parallel beam, leading to a small solid angle ⌬ s . The total radiance received on pixel m of the sensor is then obtained by
E. Comparison with Code 6S
To validate the Monte Carlo code, we compare its output with that of the 6S radiative transfer code.
To fulfill the 6S operating conditions, the ground is necessarily flat and homogeneous. Its reflectance follows Lambert's law and is set to 0.3. The model of the atmosphere is the mid-altitude winter model of McClatchey et al., 11 and we consider a wavelength of 550 nm. The aerosols are modeled by the Junge power law 10 with 23-km visibility. The solar zenith angle is arbitrarily chosen at 30°, while the satelliteborne sensor is nadir viewing. Results produced by the Monte Carlo and 6S codes for this case are presented in Table 1 . The direct component at ground level is the simplest path to evaluate, so the difference in this quantity between the two methods is less than 0.5%. A more interesting comparison is the results for the diffuse components. It appears that the Monte Carlo method gives greater importance to backscattering than does the 6S code. This explains the facts that the Monte Carlo diffuse irradiance at ground level is lower and that the coupling term is higher. We perform another test by using both a larger air mass ͑by setting the viewing zenith angle to 30°͒ and a smaller aerosol visibility of 10 km. The sensor is placed in the principal ͑solar͒ plane opposite the Sun. The results, similar to those in Table 1 , are presented in Table 2 . Note that for the terms directly related to sky radiances, the differences are slightly more marked than in the previous case, as a result of the greater optical thickness of the atmosphere being viewed.
A comparison of the results obtained by the Monte Carlo method and the 6S code demonstrates the validity of the Monte Carlo code for flat landscapes. As the Monte Carlo method does not make any modeling assumptions, the slight difference noted between the two sets of results could be attributed to numerical approximations performed in the 6S method. This type of comparison, even though it is limited and approximate, is currently the only one that permits an assessment of the validity of the Monte Carlo code. Nevertheless, the Monte Carlo method developed in this study can reasonably be assumed to deliver re- Relative deviation ␦ is given by ␦ ϭ 100 ϫ ͑MC Ϫ 6S͒͞6S, where MC means Monte Carlo.
alistic physical results over rugged and heterogeneous landscapes.
Simulations
We apply the Monte Carlo method described above to various topographic and atmospheric configurations to illustrate its capabilities and the different effects that may be observed over these landscapes. As we previously explained, the scenes that are used in the Monte Carlo simulation have periodic boundary conditions along both horizontal axes. In the following cases, the scenes are defined by a relief profile that is invariant along the transversal axis ͑ y axis in Fig. 3͒ . Because the sensor is at satellite level ͑i.e., far from the scene͒, it can be considered that an observation is completely known if the signal that corresponds to an elementary profile is characterized. This property is not used during computation, but it helps in presenting the results.
A. Observation of a Reflectance
Step at Ground Level
The first simulation is for a flat terrain composed of sand and water ͑e.g., open water next to a beach of sand͒. Such a configuration illustrates the effect of the atmosphere on the observation of a sharp boundary at ground level ͑Fig. 4͒. The ratio of the atmospheric depth to the length across the sand and water is sufficiently small to reduce the environmental effect introduced by the periodicity of the DEM. At a wavelength of 550 nm, reflectances are Lambertian, and their values are 0.35 for sand ͑medium sandstone 12 ͒ and 0.03 for water ͑seawater 12 ͒. The atmosphere is represented by a mid-latitude winter profile. 11 The aerosols are modeled by the Junge power law, 10 and their abundance is fixed by a horizontal visibility of 10 km. The Sun's zenith angle is set at 30°and its azimuth angle at 90°. The sensor is satelliteborne ͑800 km high͒ with a zenith angle of 30°and an azimuth angle of 270°. The surface irradiance components computed by the Monte Carlo method are plotted as a function of the position ͑in kilometers͒ along the x axis ͑Fig. 5͒. The radiance components correspond to a pixel at sensor level, but as each pixel is associated with one and only one pixel at ground level ͑through the instrument instantaneous field of view͒ we use the same horizontal axis, graduated in kilometers, to plot the results ͑Fig. 6͒.
At ground level the direct and diffuse components are invariant over the entire flat terrain. The Earth-atmosphere coupling term is much more interesting because it is influenced by the neighboring pixels, and the relative importance of neighboring pixels decreases with the distance that separates them. The maximum and minimum values observed in Fig. 5͑c͒ correspond to the signal that would have been obtained from a homogeneous sand scene and a homogeneous sea scene, respectively. The decrease of the signal from 0 to 50 km results from the variation of the environment reflectance, which is, on average, diminishing. This decrease is important in relation to the mean value of the coupling term ͑the difference between the signal and its mean value reaches ϳ70% of this mean value͒, but neglecting it in this case would introduce less than a 6% error in the total irradiance at ground level.
Because the total irradiance term is only slightly variable, the direct upward radiance component presents a clear step that is associated with the sandwater boundary. The diffuse upward radiance is smoother over the boundary, behaving in a manner similar to the coupling irradiance. The atmospheric intrinsic radiance is an additive signal that is identical for all sensor pixels, so it does not introduce any asymmetry into the total radiance. As the total radiance in Fig. 6͑d͒ illustrates, on both sides of the boundary ͑Ϯ2 km͒ the error may amount to 5% if the sand-water boundary is neglected in the radiative transfer model. Such effects may have to be taken into account, especially in high resolution images. Another important point illustrated by this simulation is that one can use the Monte Carlo code to evaluate the atmospheric modulation transfer function. 13 
B. Adjacency and Environmental Effects on Linear Dunes
The goal of this simulation is to evaluate the relative contributions to surface irradiance of the adjacency and environmental terms at ground level over a poorly exposed area ͑the direct component is low͒ with a highly reflecting surface. The example we choose here is Saharian sand dunes 14 ͑Fig. 7͒. The linear dunes are entirely covered by sand and have a Lambertian reflectance of 0.4 at 550 nm. The atmospheric model is again the mid-latitude winter profile 11 with a 10-km aerosol visibility. The Sun's zenith angle is set to 45°, and the principal plane is orthogonal to a dune's direction. This configuration gives low illumination on one side of the dune, as a result of the low local incidence of the solar beam.
The resultant direct irradiance component ͓Fig. 8͑a͔͒ confirms the importance of the pixel orientation in relation to the incident direct solar beam. It also shows the variation of the direct transmission with the altitude, as can be seen on the part of the curve that corresponds to the left side of the dune ͓0 -1 km in Fig. 8͑a͔͒ . The diffuse sky radiances originate mainly from the aerosols, as their optical thickness in the present case is larger than the molecular optical thickness. The aerosol phase function is strongly forward scattering. Consequently, the left side of the dune receives more diffuse radiance than the right side, consistent with the progressive decrease of the diffuse irradiance level with the slope. Note that using an isotropic model 15, 16 for sky diffuse radiances would generate a symmetrical distribution of diffuse irradiance ͑because of the relief symmetry͒, whereas in this example there is almost a factor-of-2 difference between the values on the left and the right sides of the dune.
The contributions that come from reflections from neighboring areas are related to the direct and diffuse irradiance and to the geometry. Around slope transitions, the view factors of the neighboring pixels are larger ͑because of their closeness͒, so the adjacency terms reach their maximum at the slope transition level. The Earth-atmosphere coupling component depends not only on the ground reflectance but also on the atmosphere's properties ͑optical thickness, spherical albedo͒ and the terrain shape. Consequently it is the most difficult to interpret because it results from complex processes. The behavior of the Earth-atmosphere coupling term is slightly variable over this terrain. The presence of the dune, however, does play a significant role, as the mean value of this term in this case is ϳ20% greater than the same value computed on entirely flat ground. ͑This value was computed with the 6S code.͒ From these plots we can deduce that, on the left-hand side of the terrain profile, which is more exposed to the direct solar beam, the contributions of adjacency and environmental irradiance components do not exceed 10%. However, on the right-hand side of the dune, where the direct solar beam is small, the contribu- tions of these components amount to more than 20% at the slope transition.
As the ground reflectance is Lambertian in this simulation, the direct radiance at satellite level ͓Fig. 9͑a͔͒ is directly related to the ground total irradiance and to the direct upward path transmission, which varies with pixel altitude. The diffuse component ͓Fig. 9͑b͔͒ is smoother because it comes from atmospheric scattering events above the viewed pixel. The main effect of the relief on the shape of the total sensor radiance ͓Fig. 9͑d͔͒ is to produce three levels, each related to one of the distinct slopes that are present in the topography. The variations observed over this rugged ground amount to almost Ϯ30% of the mean value of the total radiance over the profile. The importance of the slope effect is thus not negligible. It can be seen as well that on the flat part of the profile between dunes the signal at sensor level is more than 10% greater than the signal that would be received over an entirely flat terrain. ͑This signal was again computed by the 6S code.͒ The main conclusion is that a hilly terrain induces effects that are linked not only to the local slope variations but also to environmental and adjacency effects.
C. Shadow Effects on Highly Reflecting Ground
Now consider the more extreme configuration of a deep valley between snow-covered hills ͑Fig. 10͒. As Fig. 10 illustrates, the surface is snow covered for altitudes higher than 250 m, whereas the valley bottom up to 250 m is covered with short green grass. Because of the lack of available data for high zenith angles, we use simple reflectance models, which reproduce the bidirectional reflectance behavior of snow and short grass. These models are inspired by measurements presented in several studies [17] [18] [19] and consist of a diffuse ͑Lambertian͒ term added to a Gaussian term that corresponds to forward scattering for snow and backward scattering for grass. The spectral albedos at 850 nm of each surface type are chosen from the ASTER database 12 ͑0.85 for snow and 0.49 for grass͒. The reflectance values of the models in the principal plane for an incidence of 40°a re illustrated in Fig. 11 . The atmospheric model is kept unchanged from Subsection 2.B, and the aerosol visibility is set to 23 km. To create a shadowed area we set the solar zenith angle to 47°; the sensor is placed at satellite level and is nadir viewing.
The irradiance results of the Monte Carlo simulation at 850 nm are shown in Fig. 12 . The direct component ͓Fig. 12͑a͔͒ depicts which part of the valley is shadowed. The diffuse component ͓Fig. 12͑b͔͒ is similar to that for the dune. However, because the atmosphere is cleaner, the overall values are smaller than in Fig. 8͑b͒ . The Earth-atmosphere coupling irradiance decrease in the valley bottom is predictable: The environmental component originates from the sky above, and, as pixels approach the valley floor, the solid angle of the sky decreases. The direct-reflected and diffuse-reflected components are particularly important on the side of the valley that does not receive direct solar irradiance. The fact that the direct-reflected term is nonzero on the left side of the valley might be surprising because there is no direct irradiance on the shadowed side. The received energy in this case comes from multiple reflections on the ground without any interaction with the atmosphere along the path. The direct-reflected signal coming from multiple reflections is generally neg- ligible, but in this simulation, because of the high reflectance values and the proximity of the sides of the valley, it reaches a significant level. Even though the direct and diffuse components have larger magnitudes on the left side of the valley ͑the first 0.25 km͒, the contribution to irradiance of the three environmental and adjacency terms ͑coupling, directreflected, diffuse-reflected͒ exceeds 6%. On the right side of the valley, which is not directly irradiated and receives little diffuse irradiance, the adjacency and environmental terms contribute the most to the total irradiance, reaching ϳ85% on average over the entire right side. These environmental terms are consequently significant for analysis of satellite data over such a relief.
At satellite level, because the atmosphere is particularly clear, the direct radiance component dominates the total radiance ͓Fig. 13͑a͔͒. The diffuse radiance does not vary significantly over the valley, as scattering by the atmosphere smooths the energy reflected by the surface. Therefore the diffuse radiance plays a role similar to that of the atmospheric intrinsic radiance by simply shifting the total radiance to a higher value.
Conclusions
In this study a Monte Carlo method has been developed both to solve the radiative transfer equation and to simulate remote observations over rugged and heterogeneous scenes. This method permits the quantification of the Earth-atmosphere coupling irradiance at ground level, even for complex relief and reflectance models. It also enables one to characterize the upward diffuse path over rugged terrain. The Monte Carlo method is subsequently used to simulate the surface irradiances and the top of atmosphere radiances over three complex surface scenes.
The first scene is a reflectance step at ground level, which we used to estimate the low-pass effects of the atmosphere. The second scene considered is a linear dunes desert landscape. The results for this simulation show that the presence of the relief may introduce a 10% error when the relief is neglected, even if the target is situated between the dunes in the flat part of the landscape, because of the adjacency and environmental terms introduced and modified by the relief. The last configuration presents an extreme case in which high-reflectance models and severe slopes are considered. In the shadowed area of this simulation, the irradiance components coming from reflections off neighboring regions dominate the total irradiance at ground level. These results indicate that the environmental and adjacency components have to be evaluated as soon as a relief with high reflectance values is present. These components may then play a significant, or even dominant, role in the signal measured by a satellite sensor over poorly exposed or shadowed areas.
The next step of our research effort will be to use the Monte Carlo method to interpret top-ofatmosphere satellite radiance measurements. In particular, we shall use this method to analyze the TOA bidirectional reflectance measured over a desert site in Algeria. The goal will be to explain the asym- metry of the bidirectional reflectance with respect to the principal ͑solar͒ plane as observed by the POLDER ͑polarization and directionality of the Earth's reflectances͒ instrument.
Appendix A
Free-Path Length
The probability of interaction of a photon with atmospheric particles between positions B and B ϩ dB on a path starting from a point A is derived from
where L͑B͒ is the transmitted radiance at position B and e is the total extinction coefficient of the medium at B. This probability is then given by
The total extinction coefficient can be written as
where the subscript s is associated with scattering, a with absorption, mol with molecules, and aero with aerosols. This expression gives the relative probabilities for the possible types of interaction that happen in the interval dB.
Scattering by Particles
In the case of scattering, the photon propagation direction is altered. The phase function that characterizes a given type of particle gives the spatial distribution of the scattered photons. In our model it is symmetric about the incidence direction, which is a reasonable assumption for spherical particles and randomly oriented nonspherical particles. Therefore we can write the phase function as p͑͒, where is the angle between the incident direction and the scattering direction. The function ͓ p͑͒͞4͔d represents the probability for a scattered photon to set off inside the solid angle d ϭ sin͑͒dd centered on the direction ͑, ͒, where is the scattering local azimuth angle. For molecules, the Rayleigh phase function, i.e.,
is used for p͑͒, whereas for aerosols we use the Henyey-Greenstein expression 10 :
where g is the asymmetry factor of the aerosols, which depends on the wavelength of the radiation and the compositions, sizes, and shapes of the aerosol particles. 
where s and s are the incident zenith and azimuth angles, respectively. The quantity p ͑ s , s ͒ corresponds to the spectral plane albedo. Provided that the complete bidirectional reflectance is known, i.e., over the whole hemisphere, the method can deal with complex reflectance models.
Simulation Process: Quantities of Interest
The Monte Carlo simulation consists in launching photons from the TOA as if they came from the Sun. Each photon is tracked through a sequence of interactions until it is absorbed in the atmosphere, observed at the surface, or scattered out of the atmosphere. Photons are accumulated on each pixel of the ground and each pixel of the sensor. After sufficiently many photons are processed, the irradiance and radiance values are deduced. Let us assume that we launched N photons across the horizontal surface area S TOA at the TOA. If n M photons were received on pixel M at ground level, the irradiance on M is given by
where S M is the surface area of pixel M, E TOA is the solar irradiance at the TOA, and s is the solar zenith angle. We make the distinction among the components illustrated in Figs. 1 
As before, the components are identified during the simulation process.
